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Chapter 1 Outline of this thesis

outline of this thesis 

This thesis focuses on B-cell lymphomas with a break involving the MYC-onco-
gene. Chapters 3-5 focus on Burkitt lymphoma, which has by definition a MYC-re-
arrangement and is considered to be the prototype of MYC-positive lymphomas. 
The focus of chapters 6-8 lies on MYC-rearrangement positive lymphomas other 
than Burkitt lymphoma, including the so-called ‘double-hit’ lymphomas. 

Chapter 1. Here a general introduction to lymphoma epidemiology, pathology and 
diagnosis will be provided with a special focus on MYC translocations in mature 
B-cell lymphomas as well as on the biology of MYC and its role in lymphomagenesis.  
 
Chapter 2. In this chapter the principles on lymphoma classification, chromosom-
al translocations and cytogenetic evolution are outlined. Subsequently the chro-
mosomal aberrations as well as their clinical correlations in Follicular lymphoma, 
Diffuse large B-cell lymphoma and Burkitt lymphoma (including lymphomas with 
features intermediate between diffuse large B-cell lymphoma and Burkitt lympho-
ma, which are, based on historically grounds discussed here) are reviewed.    

Chapter 3. Burkitt lymphoma has at initial diagnosis a very favorable outcome 
with only few relapses but a detrimental outcome if a relapse occurs. Therefore 
the aim of this study is to analyze if and what chromosomal changes could be 
involved. To answer this question we compare the karyotypes at initial diagnosis 
with that of the corresponding relapse(s) and describe which particular chromo-
somal changes are involved. In addition we conduct an analysis of the published 
cytogenetic literature extracted from the Mitelman database of chromosome ab-
errations in cancer to increase the power of the study.

In chapter 4 we analyze a subset of Burkitt lymphomas showing (aberrant) BCL2 
expression. We investigate these lymphomas as BCL2 expression is for some 
pathologists a reason to discard a diagnosis of Burkitt lymphoma. In addition, in 
DLBCL co-expression of MYC and BCL2 at the protein level (the so called ‘dou-
ble-expressors’) is associated with a poor outcome whereas Burkitt lymphoma 
has overall an excellent outcome when treated appropriately. Therefore we as-
sess the frequency and intensity of BCL2 expression in a large cohort of Burkitt 
lymphoma and analyze a subset of the cases with available material and clinical 
data for (i) the compatibility of BCL2 expression with a molecular diagnosis of 

Burkitt lymphoma as assessed by dedicated gene expression profiling and (ii) the 
impact of BCL2 expression on clinical features and survival. 

In chapter 5 we use a novel genome wide approach, whole genome sequencing 
(WGS), to identify novel recurrent mutations in Burkitt lymphoma in addition to 
the already identified recurrent mutations in, amongst others, ID3 and TCF3. We 
identify recurrent mutations in PCBP1 and perform Sanger sequencing to assess 
these mutations in an independent cohort of molecular defined Burkitt lympho-
mas. In addition we conduct an analysis of the mutations and their impact on 
the gene and protein level. Finally we analyze the clinico-pathologic features of 
cases with a PCBP1 mutation and wild type cases. 

In chapters 6-8 we focus on another subset of MYC-rearrangement positive lym-
phomas, the so-called ‘double-hit’ lymphomas (DHL). These lymphomas occur 
almost exclusively in adults and have, in contrast to Burkitt lymphoma, virtually 
always a very poor outcome. 

In chapter 6 we perform an in depth cytogenetic analysis and literature review 
on DHL. First we explore the published cytogenetic literature with the Mitelman 
database of chromosome aberrations in cancer as our comprehensive resource 
and identify existing as well as novel combinations of DHL involving other genes 
than BCL2 and BCL6. Subsequently we review the biological functions of the on-
cogenes involved as well as their timing and synergy in DHL. Finally we analyze 
their clinico-pathologic aspects and discuss their place in the lymphoma classifi-
cations and make recommendations. 

In chapter 7 we analyze the molecular(genetic) features of 80 MYC+ non-Burkitt 
lymphomas which are analyzed with gene expression profiling, FISH, array-CGH, 
mutational analysis and IHC. For MYC-positive single-hit non-Burkitt lymphoma 
it is unclear if they have molecular(cyto)genetic features and poor outcome com-
parable to DHL or rather have a low genomic complexity and more favorable 
outcome as seen in Burkitt lymphoma. To answer these questions we compare 
the molecular(cyto)genetic features and survival of MYC-positive single-hit non-
Burkitt lymphoma with that of DHL as well as BL. In addition we compare two 
subsets of DHL, BCL2+/MYC+ and BCL6+/MYC+, with each other as well as with 
BCL2+/BCL6+/MYC+ triple-hit lymphoma (THL). 

In chapter 8 we analyze MYC by immunohistochemistry and FISH in transformed 
follicular lymphoma and their corresponding earlier FL1/2 biopsies. We identify 
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an increase in MYC expression in transformed FL samples compared to FL1/2 bi-
opsies as well as a high frequency of MYC-rearrangements with a high incidence 
of non-IGH partners including IGK/L, PAX5 and BCL6. 

In chapter 9 I summarize the findings of the different chapters. Subsequently I 
discuss, based on the findings presented in this thesis, the implications for routine 
diagnostics of aggressive B-cell lymphomas and focus on all facets of diagnosing 
MYC-breaks. In addition I discuss differences in biological and clinical character-
istics between adult and pediatric Burkitt lymphoma and different subsets of adult 
MYC-positive lymphoma. Finally I give a perspective on how MYC-positive non-
Burkitt lymphomas could be treated according to their cytogenetic status (single hit 
versus double/triple hit lymphoma) or MYC-translocation partners (IG- vs non-IG). 

Chapter 1: general introduction to lymphoma epidemiology, pathology and 
diagnosis of malignant lymphomas
Lymphomas are malignancies arising from lympoid tissue. Although only a minority 
of the lymphocytes in our body are B-lymphocytes (10-30% B-cells versus 60-75% 
T-cells),1-3 the very vast majority of lymphomas are B-cell derived lymphomas.4 A 
biologic and diagnostic hallmark of B-cell lymphomas are various chromosomal 
translocations.5,6 Typically, these translocations involve an oncogene and a partner 
gene. This partner gene may be one of the immunoglobulin (IG) genes, either IGH 
or IGK or IGL, or alternatively a non-IG gene. 

The consequence of the translocations can be overexpression of the oncogene 
and/or transcriptional deregulation (e.g. MYC deregulation in Burkitt lymphoma 
due to the t(8;14) or variant translocations) or the formation of a fusion gene with 
a gain of function (e.g. API2-MALT1 fusion gene in some MALT lymphomas).7-15  
Some chromosomal translocations are presumed to arise predominantly in the 
bone marrow (e.g. IGH-BCL2) while others involving BCL6 and MYC are sup-
posed to originate predominately in the germinal center.16,17 In the germinal cen-
ters the physiologic processes of somatic hypermutation and class switch recom-
bination take place as part of antibody affinity maturation in order to create high 
affinity antibodies. However, a consequence of these processes is, as ‘collateral 
damage’, the occurrence of chromosomal translocations.17 Basic epidemiologi-
cal, histopathological and genetic characteristics of the main lymphoma entities 
discussed in this thesis, i.e. follicular lymphoma, diffuse large B-cell lymphoma, 
Burkitt lymphoma, and ‘high-grade B-cell lymphomas’ are displayed in Table 1. 

Follicular lymphoma: follicular lymphoma is a neoplasms composed of (cells re-
sembling) germinal center centroblasts and centrocytes and accounts for 20-30% 
of all lymphomas. Follicular lymphoma is graded in grades 1, 2, 3A and 3B based 
on the amount of centroblasts per high power field. FL Grade 1/2 is characterized 
by the presence of the t(14;18)/IGH-BCL2 and aberrant expression of BCL2 in 
virtually all cases while grade 3 has less frequently an IGH-BCL2 translocation 
and BCL2 expression but more frequently BCL6 translocations.18-21 Although FL 
grade 1/2 is considered a low-grade lymphoma, it is largely incurable with fre-
quent relapses. In addition there is an annual risk of 1-3% of transformation to 
high grade lymphoma, mostly DLBCL, which is associated with a dramatic de-
crease in survival.22-24

Burkitt lymphoma: Burkitt lymphoma is the most frequent lymphoma type in pe-
diatric patients but occurs only rarely in the adult population.25-28 In pediatric pa-
tients there is a strong male predominance with, at least in Western counties, 
a common (secondary) involvement of the ileocecal region.29-35   It is the most 
rapidly dividing tumor known with a doubling time of approximately 24-36 hours.36 
It’s biological hallmark is the IG-MYC translocation and BCL2 and BCL6 translo-
cations are by definition absent.37-39 Upon treatment with very intensive, short du-
ration chemotherapy regimens Burkitt lymphoma has, especially in the pediatric 
and adolescent population, a very favorable prognosis.25,40-44  

Diffuse large B-cell lymphoma: Diffuse large B-cell lymphoma is the most com-
mon subtype accounting for approximately 30-40% of lymphomas in adults and 
includes several morphologic variants including the centroblastic, polymorph-cen-
troblastic, immunoblastic and anaplastic variants.4 Based on gene expression pro-
filing and also immunohistochemistry it can be divided into two a so-called ‘cell-
of-origin’-type (COO) subtypes: germinal center B-cell like or activated B-cell like 
/ non-germinal center B-cell like.45,46 BCL2 and BCL6 are most frequently involved 
in translocations (in 20-30% and 20-40% respectively).5 Those lymphomas with a 
BCL2 translocation include cases transformed from a previous (subclinical) follicu-
lar lymphoma. Approximately 5-15% of DLBCL has a MYC translocation and those 
cases are associated with poor survival.47      

  1



14 15

Chapter 1 Outline of this thesis

table 1 | basic clinico-pathologic characteristics of FL, DLBCL, BL and High-grade B-cell 
lymphoma , double-hit and NOS (HGB)

FL* DLBCL BL HGB
epidemiology
Typical age at 
initial diagnosis

6th-7th decade 7th decade bi-model age 
distribution: 
pediatric 1st de-
cade, adults 4th 
decade

6th decade

M:F slight female 
predominance

slight male pre-
dominance

pediatric: strong 
male predomi-
nance  

adults: no pre-
dominance

male predomi-
nance

histopathology
CD10 + GCB: + 

ABC: -
+ mostly +

BCL6 + GCB: + 
ABC: +/-

+ mostly +

MUM1 - GCB: - 
ABC: +

mostly - mostly -

COO GCB >> ABC GCB, ABC GCB GCB>ABC
BCL2 + (FL1/2 > FL3) GCB:40% 

ABC: 60%.
≤ 20% (low in-
tensity)

+/-

Ki67 low / variable variable ≥ 95% of cells high 
MYC expression 
(% of cells)

FL1/2: 5-10,  
FL3A/B: 20

40-60 ≥ 80 40 - ≥ 80

Genetics
MYC-R 
(% of cases)

depending on 
grade:     
FL1/2 0-12  
FL3A/B: 15-22

3-16 (Immuno-
blastic -DLBCL 
40       )

likely ≈100 40-60

BCL2-R
(% of cases)

depending on 
grade: 
FL1/2: 80-90 
FL3A/B: 30-50

20-30 absent 30-50

BCL6-R
(% of cases)

Depending on 
grade:      
FL1/2 <10  
FL3B 55

20-40 absent 10-30

8,86

SHL / DHL rare  Only MYC+ 
SHL acceptable 
(WHO 2016)

MYC+ SHL MYC+ SHL 
(few) 
BCL2+/MYC+, 
BCL6+/MYC+ 
BCL2+/BCL6+/
MYC+

High karyotype 
complexity

rare common rare (more com-
mon at relapse)

almost always

Recurrently mu-
tated genes

MLL2, CREBBP, 
EZH2, RRAGC

heteroge-
neous MLL2, 
MYD88, CD79B, 
CARD11, PIM1, 
CD58, B2M

ID3/TCF3, MYC, 
TP53, CCND3, 
FBXO11, 
PCBP1

only sparse 
data available 
(targeted): ID3, 
MYC, CCND3 
(all << BL)

therapy & outcome
Therapy ‘watch-and-wait’, 

R-chlorambucil, 
R-bendamus-
tine, R-CVP, 
R-CHOP, rarely 
allogeneic stem 
cell transplant

R-CHOP, high-
risk group: 
R-EPOCH or 
variants

Adults: R-CO-
DOX-M/R-IVAC, 
R-DA-EPOCH 
+/- SCT ; Pedi-
atrics: regimens 
(BFM-NHL 04) 
based on dexa-
methasone, 
methotrexate, 
ifosfamide, cy-
clophosfamide, 
cytarabine, 
etoposide, doxo-
rubicine, vincris-
tine, MTX-IT.

R-CHOP, 
R-EPOCH or 
variants

Prognosis Indolent but 
incurable (un-
less transplant). 
≈3% annual risk 
transformation

poor good-excellent (very) poor

Please note that lymphoma entities displayed in table generally not follow WHO 2016 as limited data 
on individual characteristics (age, MYC expression, sequencing) of novel categories available yet. 
Data on MYC-rearrangements from8. For BCL2 and BCL6 5. *FL adult only. Pediatric type not included. 
COO (cell of origin): officially not applicable for FL, HGB and BL. 

B-cell lymphoma, unclassifiable, with features intermediate between Diffuse large 
B-cell lymphoma and Burkitt lymphoma: this temporary category in the WHO 
2008 classification37 contains lymphomas which have a combination of morpho-
logical, immunophenotypic and/or genetic features which makes them unsuitable 
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for classification into either one of both categories. This includes for example 
lymphomas with Burkitt lymphoma morphology but with concomitant MYC and 
BCL2 rearrangements. Importantly, morphological DLBCL with MYC (and BCL2) 
rearrangements are not included in this category. In the upcoming 2016 WHO 
classification (see Table 1) all lymphomas (so also morphological DLBCL) with 
MYC and BCL2 and/or BCL6 rearrangements will be classified as ‘High-grade 
B-cell lymphoma, with MYC and BCL2 and/or BCL6 rearrangements’.39 Depen-
dent on morphology, MYC single-hit non-Burkitt lymphomas will not be included 
in this category but will be, classified as ‘High-grade B-cell lymphoma, NOS’ or 
‘DLBCL-NOS with a MYC rearrangement’.39

Role of MYC in normal and malignant hematopoiesis
MYC is a transcription factor and is often referred to as a so-called ‘master reg-
ulator’ of gene expression. Rather than having a distinctive set of target genes 
MYC amplifies the expression of the existing gene expression program in a given 
cell type.48,49 MYC has been shown to be needed for germinal center initiation and 
maintenance but MYC expression is surprisingly almost absent in the germinal 
centers itself.50 Although these germinal centers are a site of vigorous prolifera-
tion, MYC is not or only at very low levels expressed in (the very fast proliferating) 
germinal center dark zone cells and when it is expressed, this is only in a small 
subset of light zone cells.50-53   

MYC overexpression has a plethora of effects, including promotion of 
proliferation, cell growth and survival.54 On the other hand it also pro-
motes opposite effects including the induction of apoptosis.55-57 Indeed, 
the MYC translocation and/or MYC overexpression itself has been shown 
to be insufficient to induce full-blown lymphomagenesis and needs co-
operative hits involving e.g. TP53, BCL2 or the PI3-kinase pathway.58-61  
MYC is deregulated in a broad range of malignancies, including malignant lym-
phomas. MYC expression is generally low in FL1/2 (≈10% of the cells being pos-
itive) but higher in DLBCL (40-60%) and Burkitt lymphoma (>80%). In malig-
nant lymphomas MYC can be deregulated by different mechanisms, including 
(IG)-MYC translocations in Burkitt lymphoma and a subset of DLBCL, activating 
point mutations and also by micro RNA’s such as Mir-34a.7-9,62-64 Of note, high 
level amplification of MYC leading to overexpression is rare in lymphomas, and 
whether or not a low to moderate increase of copy numbers also results in MYC 
overexpression is yet not well defined.11,65-67 

Diagnosing MYC translocation positive lymphomas: 
Conventional cytogenetics / karyotyping: in conventional cytogenetics fresh cells 
from a peripheral blood, bone marrow or lymph node biopsy are put into culture 
with or without stimulation by various growth promoting reagents. Subsequently 
these cultured cells are brought into metaphase arrest, fixated and subjected 
to banding techniques (most commonly Giemsa -banding).68 Chromosomes are 
ordered according to their size and localization of the centromere distinguishing 
metacentric, submetacentric and acrocentric chromosomes.69,70 The chromo-
some banding allows the identification of distinctive chromosomal regions and 
(sub)bands and hereby the localization of chromosomal abnormalities.69,71,72 De-
pending on the quality of the metaphase preparations  up to 700 individual bands 
can be distinguished. Individual chromosomal bands may contain up to several 
hundreds of genes and give no direct information about the particular gene in-
volved. In addition, due to the low resolution of the technique, cryptic rearrange-
ments may be missed. Abnormalities are described according to their position 
according to chromosome number (1-23 or X or Y), arm (short p-arm or long 
q-arm), region, band and depending on the resolution also sub-band.70 For exam-
ple, MYC is mapped to position 8q24, which means it is located on chromosome 
8, on the long arm (q), in region (2) and at band (4). 

figure 1| basic principles of FISH. Main signal constellations of break-apart (BAP) and 
dual color dual fusion (DCDF) probes indicating a situation with 2 normal non-rearranged 
(germ-line) alleles and one normal and one rearranged allele. Note that in the BAP assay 
yellow signals represent germ-line alleles, while representing rearranged alleles in the 
DCDF assay.
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Fluorescence in situ hybridization (FISH): apart from techniques like chromo-
some painting that are only applicable on cytogenetic preparations, ‘interphase 
FISH’ can be used on fresh cells as well as paraffin embedded tissues. For the 
detection of chromosomal breakpoints (from here on referred to as ‘rearrange-
ments in the text) by FISH two different probe assays can be applied: the so-
called ‘break-apart’ assays (BAP) and dual-color-dual fusion assays (DCDF).73 In 
the ‘break-apart’ assays gene flanking probes are labeled in a different color (e.g. 
telometric part in red and centromeric part in green). In the normal (germ-line) 
situation the two signals are observed as one fusion signal (e.g. a yellow/red/
green fusion signal). In the case of a rearrangement there is most commonly one 
fusion signal (the germ-line allele) and in addition separate red and green signals, 
representing the rearranged allele (Fig. 1). Of note, also various variant signal 
constellations may be present, e.g. due to amplification, gain or loss of derivative 
chromosomes and normal alleles.73,74 So the break-apart assay informs whether 
there is a rearrangement but does not provide any information about the trans-
location partner(s). These assays are particularly useful for genes with multiple 
translocation partners, e.g. BCL6 or MYC.75-77  

The dual color dual fusion assay is designed to detect rearrangements between 
two genes recurrently involved in a particular translocation.78 The assay consists 
of gene-spanning probes labeled in a different color for each of the gene involved, 
e.g. red for MYC (chromosome 8) and green for IGH (chromosome 14). In the nor-
mal situation there are two separate red and two separate green signals represent-
ing the two germline alleles of the genes. In the case of a translocation there are 
two red/green/yellow fusion signals representing the both derivative chromosomes 
with the rearrangements, e.g. a der(8) and der(14). In addition, separate red and 
green signals represent the normal MYC and IGH alleles (Fig 1,2). 

Another method to detect rearrangements is long distance PCR which enables 
detection of breakpoints over regions of maximally 10-30 kb per experiment.79-83 
A novel and promising approach to detect chromosomal translocations, including 
MYC-translocations, may be whole genome sequencing (Lopez, Aukema et al., 
in preparation).  

figure 2 | Representative example of conventional cytogenetics & FISH. (A) karyotype of 
a Burkitt leukemia from an 11 year old boy with a karyotype (initial diagnosis) from ascitic 
fluid showing  46,X,der(Y)t(Y;7)(q12;q21),der(5)t(1;5)(q11;p14),t(8;14)(q24;q32) (B) FISH 
on metaphase and interphase cells showing red/green/yellow fusion signals with one 
fusion signal representing a derivative chromosome with MYC-IGH and the other the IGH-
MYC co-localization. In addition there are separate red (MYC, normal allele) and green 
(IGH, normal allel) signals. (Figure from: Clonal evolution in Burkitt lymphoma/leukemia. 
Aukema SM, Theil L, Rohde M, Burkhardt B, Klapper W, Kluin PhM, Nagel I, Siebert R, 
Murga Penas EM, Haematologica 2014; 99(s1):134 abstract n. 53867. With permission)

treatment of patients with MYC-positive lymphomas 
The treatment of MYC-positive lymphomas represents a real challenge. Although 
Burkitt lymphoma has a favorable prognosis, in particular in pediatric, adolescent 
and young adult patients, the prognosis of DLBCL with a MYC rearrangement and 
the ‘B-cell lymphoma unclassifiable, with features intermediate between diffuse 
large B-cell lymphoma and Burkitt lymphoma’, is generally very poor. Burkitt lym-
phoma is treated with high-dose short interval chemotherapy while for the treatment 
of MYC+-non Burkitt lymphoma there is no uniform treatment. Although ‘conven-
tional’ R-CHOP therapy is clearly insufficient, it is unclear at present if and which 
intermediate- and high-dose chemotherapy regimen (including stem cell transplan-
tation) may be most optimal and feasible in these mostly elderly patients.84,85 

A B
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